The manufacturing of a functional hollow mechanical element or ring of the AA5083 alloy previously equal channel angular extrusion (ECAE) processed, which presents a submicrometric microstructure, is dealt with. For this purpose, the design of two isothermal forging dies (preform and final shape) is carried out using the design of experiments (DOE) methodology. Moreover, after manufacturing the dies and carrying out tests so as to achieve real rings, the mechanical properties of these rings are analysed as well as their microstructure. Furthermore, a comparison between the different forged rings is made from ECAE-processed material subjected to different heat treatments, previous to the forging stage. On the other hand, the ring forging process is modelled through the use of finite element simulation in order to improve the die design and to study the force required for the isothermal forging, the damage value, and the strain the material predeformed by ECAE has undergone. With this present research work, it is intended to improve the knowledge about the mechanical properties of nanostructured material and the applicability of this material to industrial processes that allow the manufacturing of functional parts.
Introduction
Severe plastic deformation (SPD) processes constitute a novel alternative for the attainment of material accumulating high values of strain ( ≫ 1). To this end, over the past few years, there have been a large number of studies dealing with the modification of mechanical properties and microstructure achieved in the material when accumulating this deformation level [1, 2] . Specifically, the equal channel angular extrusion (ECAE) is a discontinuous SPD process which was firstly developed by Segal in the former Soviet Union [3] . This process consists in exerting a compression force to a material through a die with two channels of, approximately, the same cross-section which intersect at an angle between 90 ∘ and 120 ∘ . Since then, this process has been deeply studied with respect to the improvement in the mechanical properties of the processed materials [1] and also with respect to the dies employed in the process [4, 5] . In research works by [6, 7] , the AA5083 alloy material is processed, thus achieving an improvement in mechanical properties such as yielding point and mechanical strength (as opposed to a loss of ductility) and a reduction in the grain size down to a submicrometric level. Among the most important characteristics of SPD materials, could be mentioned the possibility of obtaining better fatigue behaviour as well as an improvement in ductility and mechanical strength [1] . In the case of nanostructured materials, the microstructure and more specifically the grain size play a very important role in the deformation and in the fracture behaviour. At the beginning of the crack, there is a strong interaction between dislocation emission and crack propagation, which is mainly influenced by the microstructure [8] .
Nevertheless, the industrial applications of the aforesaid materials are not so numerous nowadays, and the number of research works that deal with the applicability of these materials is very scant. Among these studies, one can underline the research work by Zhu et al. [9] , in which these authors divide the applications of these materials into two categories: those requiring a reduction in weight and good mechanical properties and those facilitating easier manufacturing in subsequent processes. On the other hand, for certain applications, material in massive form is required, and therefore the scaling of this process is fundamental for its use in industrial applications so that one can change from processing billets of small size into processing large blocks, as is found in the study by Ferrasse et al. [10] . This research work shows the scaling of the process in such a way that they are able to obtain starting material parts processed by ECAE of 33 kg (in the case of aluminium) and 110 kg (in the case of copper).
Most of the technical papers referring to subsequent processes of ECAE processed materials deal with the study of compression tests between plane-shape dies. Some of the aluminium alloys employed in these aforesaid research works are AA1050 [11] and AA6082 [12] , where in both cases the anisotropy and the hardening of the material were studied. In order to analyse the forgeability of AA5083 after ECAE processing, compression tests were performed in [13] . One of the conclusions of this research work is the improvement in the forgeability of the ECAE-processed samples. With respect to the manufacturing of parts from previously ECAEprocessed materials, one of the most commonly analysed manufacturing process in the bibliography is the forging of bolts [14] . For instance, Choi et al. [15] carried out the ECAE processing of the AA1050 alloy studying its subsequent forging process through compression tests. After performing these tests, a series of bolts are manufactured by means of three forging stages and the machining of the thread. These authors observe an increase of 12% in the hardness of the head and an increase of 45% in the hardness of the bolt body. In addition, they observe an increase of 200% in the yielding point of the bolts manufactured with nanostructured material. Another interesting study is that by Yanagida et al. [16] , where cold forging is applied to the manufacturing of M1.6 bolts for four different steels. The aim of these latter authors is to compare the forgeability of the materials after having been ECAE-processed and cold-rolled. The main conclusion is that the ECAE processed materials achieve a better forgeability than those rolled, although they reduce their ductility as opposed to the nondeformed material.
Among the studies manufacturing other types of parts from nanostructured material, it is relevant to cite that by Chaudhury et al. [17] , in which annealed AA6061 is ECAE processed, and, subsequently, it is forged leading to a reduction of 50% in the flash, thus giving as a consequence a reduction of 10% in the required starting material and a decrease in the optimum forging temperature from 490 ∘ C to 315 ∘ C as opposed to the non-ECAE processed material. All these improvements are based on the reduction in material and energy costs for the industry field. The forging of more complex parts has been treated in research work by Lee et al. [18] . In this study, an impeller of the AZ31 magnesium alloy previously ECAE processed is hot forged. The authors perform a new die design which allows an optimum filling of the die to be obtained along with the nanostructured material. Some other advantages are a lesser amount of flash and a result closer to the desired final shape. In order to reach the optimum forging conditions, thermal stability studies are carried out at different temperature and strain rate values, concluding that the optimum forging temperature is 300 ∘ C and that the strain rate should be controlled at a range close to 0.001 s −1 . The research work by Puertas et al. [19] proposes the manufacturing of Francis blades from nanostructured AA1050 alloy. A comparison of both mechanical properties and microstructure of the manufactured blades is made between ECAE-and non-ECAE-processed materials, where an improvement in the mechanical properties of the blades manufactured from nanostructured material is observed.
In this present study, isothermal forging was selected as the deformation process subsequent to ECAE due to the fact that it is possible to obtain parts with improved mechanical properties and a lesser material cost if the process is well designed. Moreover, with the isothermal forging, a better control of the forged part microstructure is achieved thanks to the temperature control during the process [20] .
In the same way as in the manufacturing of real parts from nanostructured material, the number of research works that combine finite element simulations and isothermal forging of nanostructured material is scant [21] . Among them, in the research work by Salcedo et al. [22] , a series of finite element simulations of gears with different geometries are proposed to be isothermally forged at several temperature values from nanostructured material. The authors propose two possible forging die designs, and they compare the results obtained in both cases. The nanostructured starting material is assumed to be modelled with a flow rule obtained from compression tests at different temperature values over previously ECAEprocessed material.
In this present study, the design and the manufacturing of forging dies are carried out for the isothermal forging of rings from nanostructured material. Diverse models of the forging process by finite element simulation are proposed. The properties of the real rings manufactured from ECAE processed materials are analysed, and these are compared with the results obtained from the finite element simulations.
The results presented in this piece of research work are based on the manufacturing procedure proposed in the Spanish Patent P201330404 by Luis et al. [23] .
Design and Manufacturing of the Dies
In this section, the design process of the isothermal forging dies is explained as well as their manufacturing and the forging tests carried out to obtain the rings from nanostructured material.
Planning and Optimisation of the Design.
The design of the dies is carried out combining design of experiments (DOE) through the use of the Statgraphics Centurion XVI software and finite element simulation employing the Simufact 11.0 software. The simulations are performed at temperature and different geometries are employed for the preform. The flow rule of AA5083 as a function of temperature (see Figure 1 ) has been assessed from temperature compression tests of billets ECAE processed twice using route C.
The room temperature is contemplated to be 20 ∘ C for all the cases taken into consideration, where the initial temperature of both the billet and the dies is the same as that for the isothermal forging temperature. Although the heat generation for the plastic deformation depends on the strain rate, in these simulations, it has been taken as a constant with a value of 0.9. Moreover, the heat transference values due to natural convection depend on temperature, and thus the default table for natural or slightly forced convection given by the software has been selected. The heat transference values between the dies and the billet depend on the contact pressure, but it has been taken as a constant with a value of 20 kW/m 2 K. With respect to the employed meshing, initially 7500 tetrahedral elements are taken with four integration points and an edge size of 1 mm. Curved surfaces are achieved to have elements down to an edge size of 0.25 mm so as to get a geometry closer to reality. Coarsening factor option of 1.5 is selected to decrease the number of elements at the inner part of the billet. The remeshing employed takes place at 25%, 50%, and 75% of the simulation and when distorted elements appear having a size a 15% longer than other. The friction model selected is of type Shear with a constant value of 0.1. The stroke of the upper die is 25 mm for the first forging stage and 16 mm for the second stage. Lastly, the results of force, strain and damage (following the Cockroft-Latham criterion) are compared using the design of experiments so as to select the optimum geometry.
Design of Experiments of the Preform Die.
The forging first stage corresponds with the forming of the preform whereas the second stage corresponds with the forming of the final ring. Figure 2 shows the cross-sections of both forging dies used: the preform die (Figure 2(a) ) and the ring die ( Figure 2(b) ). The preform die section has a geometry with fixed values and other values to be modified and studied with the DOE. These values are the following ones: draft angle ( ), flash thickness ( ) and fillet radii ( ), where these are named as design factors for the factorial design 2
3 . This factorial design along with the central point allows us to determine the influence and the importance of these design factors over the selected response variables: forging force, damage imparted to the material and billet strain. Table 1 shows the attained results. The optimal geometry selected corresponds to a draft angle ( ) of 15 ∘ , a flash thickness ( ) of 3 mm, and fillet radii ( ) of 2.5 mm. With the previously mentioned geometry, the maximum force value obtained is 750 kN with a maximum damage value of 0.125 and a maximum strain value of 1.4 in the preform.
The results given by the design of experiments are summarised through the Pareto chart and the estimated response surfaces. The length of each bar is proportional to the standardized effect, which is the estimated effect divided by its standard error. The vertical line can be used to judge which effects are statistically significant where any bar which extends beyond the line corresponds to an effect which is statistically significant at a confidence level of 95.0%.
As can be observed in Figure 3 (a), the force required for the isothermal forging of the preform decreases when increasing the fillet radii value, the flash thickness, and the draft angle. The most influential factors are, in decreasing order, fillet radii and draft angle. Moreover, as can be observed in Figure 3(b) , the damage imparted to the material decreases when increasing the fillet radii value, the flash thickness, and the draft angle, although none of the factors is statistically significant. Lastly, Figure 3 (c) shows how the preform maximum strain decreases when the fillet radii value and draft angle increase and when flash thickness decreases. The only statistically significant factor is the fillet radius.
Design of Experiments of the Final Ring Die.
The forging second stage corresponds with the forming of the ring. For this purpose, we start from the previously forged preform. The cross-section that can be observed in Figure 2 (b) is that employed for the ring die, where, as in the previous case, this has a geometry with fixed values and other variable values that will be analysed by DOE. These values are as follows: draft angle ( ) and fillet radii ( ). In this way, the factorial design to be used is a 2 2 with one central point. In the same way as in the design of experiments for the preform, the response variables selected are as follows: forging maximum force, maximum damage imparted to the material, and ring strain at its central zone. The obtained results can be observed in Table 2 . The selected geometry corresponds to a draft angle ( ) of 15 ∘ and fillet radii ( ) of 1.5 mm. With this particular geometry, the maximum force value is 1100 kN with a maximum damage value of 0.175 and a maximum strain value at the ring central part of 0.7. Figure 4 (a) shows the force required for the isothermal forging of the ring, where this decreases when draft angle is increased, and it remains constant when fillet radii are varied. As can be observed in Figure 4(b) , the damage imparted to the material increases when fillet radii and draft angle are increased, where it is draft angle whose influence is the most important one. Figure 4(c) shows how the strain at the ring central part decreases when fillet radii and draft angle are increased, where draft angle turns out to be the most influential of both once again.
Manufacturing of the Nanostructured Ring.
In this section, the attainment of the final ring through its manufacturing process is outlined. The starting material is as-cast AA5083 which is turned into billets of 90 mm in length and 20 mm in diameter. These billets are ECAE processed twice using route C in the ECAE hydraulic press shown in Figure 5 (a). The set of dies employed can be observed in Figure 5 (b), where these ECAE dies have an intersection angle between channels of 90 ∘ and fillet radii of 4 mm which are tangential to the entrance and exit channels.
After this process, the billets are machined into the following dimensions: 19 mm in diameter and 43 mm in length. These billets are subjected to thermal treatments in order to carry out different tests. After these heat treatments, the billets are subjected to a first isothermal forging stage, and subsequently, after the removal of the remaining flash, they are subjected to the second isothermal forging.
The isothermal forging is performed in a press with a capacity of 3000 kN, as can be observed in Figure 6 (a). The dies manufactured to carry out the forging process are shown in Figure 6 (b). The forging stages are carried out at a constant press velocity of 50 mm/min. Figure 7 shows the rings manufactured from previously ECAE processed materials at different temperatures values.
Finite Element Simulation of Mechanical Components
In the present section, the isothermal forging process of the ring with two stages is analysed. Due to the ring geometry, all the simulations performed are axisymmetric, where the -axis is axisymmetric axis. These FEM simulations were performed by using MSC.Marc FEM Software.
The die geometry corresponds with the optimum die design previously calculated through design of experiments. Both the billet and the die are considered to behave as deformable bodies. A 2D element with an edge size of 0.5 is used for the starting billet whereas the dies are meshed considering the zone in contact with the billet and the fillet radii. With the aim of modelling the material behaviour as precisely as possible, flow rules obtained from isothermal compression tests of AA5083 billets (16 mm in length and 8 mm in diameter) are used. Moreover, artificial neural networks (ANNs) are employed so as to generate them from experimental data. In all the simulations, an isotropic material with a Young's modulus of 70 GPa and a Poisson's coefficient of 0.3 has been considered for the billet. The friction model employed is shear type, which is recommended for forging applications, and the friction coefficient taken is 0.5. With these simulations, it is possible to obtain the force required for the forging, the strain and the damage values, the temperature evolution during the process, and the stress values in the dies, which will be outlined in the following sections.
With the aim of assessing the accuracy for the performed simulations, their force results are compared with those real values obtained for the experimental tests under the same conditions of temperature, forging velocity, die geometry, and material employed. Figure 8 shows the precision of the FEM simulations with respect to the prediction of the force in the real tests for the case of the isothermal forging at 200 ∘ C, 250 ∘ C, and 300 ∘ C and the decrease of the FEM simulation force when temperature is increased.
The curves consist of a first part with a constant force value and a subsequent exponential increase which takes place when the flash starts to generate and the surface to be deformed is higher. This behaviour is more pronounced in the FEM simulations. Moreover, the force value in the simulations remains slightly lower than the force value in the real tests during the stabilisation stage, and it remains slightly higher in the stage where the exponential increase happens. Nevertheless, the FEM simulations agree reasonably well with the real tests, and thus the obtained results may be considered correct and accurate. Figure 9 shows the strain achieved in the preform and in the final ring for the forging at 250 ∘ C. The damage has been studied using Crockroft-Latham's model. The accumulated damage increases in the preform and in the ring when we move towards the centre following a radial direction, as can be observed in Figure 10 . Taking the ring subsequent machining into account is also important and in this way the most damaged zones are removed. The maximum values within the useful zone are 0.15 for the preform and 0.25 for the ring. Lastly, Figure 11 shows the Von Mises stress values both in the dies and in the billet at the final step of the forging process of the preform and the ring. In the case of the forged material, the flow stress corresponds to the Von Mises stress in each calculation step, and it is practically constant along the billet. The Von Mises stress turns out to be more interesting in the case of the dies. The stress values originated within the die should be reduced so as to decrease its wear and avoid plastic deformations which would modify the final shape of the ring in the consecutive forging processes. The highest stress values are located at the inner fillet radii of the die cavity, and they are higher when these fillet radii are diminished.
When increasing temperature, a reduction in the Von Mises stress values of the dies occurs due to the lower flow stress of the deformed material.
Analysis of Mechanical Properties and Microstructure
Once the die has been manufactured and the isothermal forging tests of the ring have been carried out, a study on the part microhardness and the force required for the process is made as well as a microstructure analysis by means of scanning electron microscopy (SEM). As was previously mentioned, the forging process was carried out at temperature values of 200 ∘ C, 250 ∘ C, and 300 ∘ C with a press constant velocity of 50 mm/min. The ECAE processed material was forged both with no subsequent heat treatment and after having been subjected to a heat treatment which consisted of increasing the temperature up to 340 ∘ C at a heating rate of 12 ∘ C/min and a subsequent cooling in water. The samples selected for the study of microhardness were those for the heat treatment at 340 ∘ C due to the fact that there were no cracks in the rings. After being cut into sections of 8 mm × 12 mm, they were embedded in resin and polished. Subsequently, ten microhardness measurements were taken per sample, where five of them correspond to the central zone of the ring and the other five correspond to the upper zone of it. Table 3 shows the microhardness values of the material before the isothermal forging whereas Table 4 shows the results obtained for these measurements after the isothermal forging. With respect to the starting material, an increase of 64% in hardness between this N0 and the ECAE processed material (N2) can be observed in Figure 12 . After the heat treatment enabling the forging process in the ring with no cracks, the microhardness decreases by 25%, but it continues being 24% higher than the N0 state. After carrying out the isothermal forging of the rings, an increase in the material hardness is observed except in the case of the forging at 300 ∘ C. In the case of the forging at 200 ∘ C, the microhardness is increased to a maximum of 24% in relation to the heattreated material to be forged, and it is observed that the hardness is higher at the ring upper zone. This validates the strain results obtained in the simulations. In the case of forging at 250 ∘ C, the hardness obtained is 5% higher than the initial one, and there are no significant differences between the ring different zones.
Microhardness of the

Discussion of Microstructure
Results. The microstructure of the samples is analysed so as to verify a possible excessive grain growth, to observe deformation bands and to confirm the existence of submicrometric grains. Figure 13 shows the AA5083 microstructure in annealed state and after having been ECAE processed. The annealed initial material presents a grain size of approximately 200 m. When it is ECAE processed twice with route C, deformation bands appear even after having been subjected to the two heat treatments under consideration.
As pointed out by El-Danaf [24] , it is reasonable to expect, in advance, that after the two ECAE passages, the microstructure will be mainly composed of low angle grain boundaries (LAGBs), whose properties are a function of the misorientation. Nevertheless, it is also expected that, because of the subsequent forging process, these LAGBs will be transformed into high angle grain boundaries (HAGBs).
On the other hand, in the recent review technical paper on grain boundaries in ultrafine grained materials, carried out by Sauvage et al. [25] , these grain boundaries are mainly characterised by an excess of grain boundary energy and the presence of both long range elastic stresses and enhanced free volumes, which may be considered to be the present case.
As can be observed in Figure 14 , the samples forged at 200 ∘ C and 250 ∘ C possess deformation bands caused both by the isothermal forging and by the previous ECAE processing. In the case of the sample forged at 250 ∘ C, already recrystallized zones are observed combined with these deformation bands. Nevertheless, the sample forged at 300 ∘ C does not present this type of deformations, and it may be observed that the grain size is higher than that in other samples, where this causes a decrease in hardness and worse mechanical properties. Furthermore, a submicrometric grain size is observed in the samples forged at a lower temperature value. Due to the existence of different precipitates in the samples, a study for the case of the ring forged at room temperature is made by energy dispersive X-ray spectroscopy (EDX) with the aim of determining the chemical composition of the existing precipitates. Figure 15 shows the zones where the analyses were taken and their corresponding EDX spectra. It can be observed that the matrix is mainly composed of aluminium and magnesium, whereas the precipitates are composed of manganese, magnesium, iron, and silicon. 
Conclusions
In this research work, it has been demonstrated that it is possible to manufacture rings with submicrometric microstructure from the isothermal forging of previously ECAE processed materials. The optimal geometrical parameters of the forging dies for manufacturing the rings have been selected by using FEM simulations along with design of experiments. It has been found that the rings manufactured by isothermal forging at 200 ∘ C have the microhardness highest values for all the studied cases, but when forging at this temperature, cracks appear in the forged parts. The lowest processing force value takes place in the isothermal forging at 300 ∘ C. The optimum forging temperature turns out to be 250 ∘ C. Previous to the isothermal forging of the rings at 250 ∘ C, the ECAE processed AA5083 is subjected to a heat treatment which consists of increasing its temperature from 25 ∘ C to 340 ∘ C at a heating rate of 12 ∘ C/min. Under these conditions, a compromise solution is achieved in such a way that we are able to obtain a lower isothermal forging force, an intermediate microhardness value due to the presence of deformation bands combined with zones starting to recrystallize, and an optimum state of the nanostructured ring obtained due to a lack of cracks.
